II seesaw model to two Higgs doublets. We find that the extended model not only provides a solution to the small VEV, but also introduces new interactions that cause the mixture of charged Higgses in triplet and doublet. As a result, we have a completely different decay pattern for doubly The recent observation of a new scalar particle at 126 GeV by ATLAS [1] and CMS [2] shows that the Higgs mechanism is a right direction not only for the origin of masses of gauge bosons but also for the masses of quarks and charged leptons in the standard model (SM) . By this point of view, the most mysterious observed phenomenon in particle physics is the masses of neutrinos. Besides the arisen mechanism has not concluded yet, we also know nothing about their mass ordering, which is classified by normal ordering, inverted ordering, and quasi-degeneracy in the literature [3] .
Before the observations of neutrino oscillations, numerous mechanisms for generating the neutrino masses had been proposed. For instance, type-I seesaw [4] mechanism introduced the heavy right-handed neutrinos while the type-II seesaw mechanism [5, 6] extended the SM by including a SU(2) Higgs triplet. Additionally, other possibilities were also investigated such as adding the new triplet fermions [7] , radiative corrections [8] [9] [10] , etc. Due to the similarity in mass generation mechanism between type-II seesaw and Higgs mechanism, we focus the study on the simplest extension to the type-II seesaw model.
The characters of type-II seesaw model with one Higgs doublet and one Higgs triplet
can be briefly summarized as follows: first, doubly charged Higgs decays to the same sign charged gauge bosons (WW) and leptons (ℓℓ), where the former coupling is associated with vacuum expectation value (VEV) of triplet denoted by v ∆ and the latter is related to the multiplication of Yukawa couplings and v ∆ . The involved parameters are limited to be small by the observed neutrino masses. Second, for achieving the small v ∆ , one needs to require either a small massive coupling for H T iτ 2 ∆ † H term or a heavy mass scale for Higgs triplet;
we will see this point later. If we adopt the mass scale of Higgs triplet to be of O(100)
GeV, it is then inevitable to have a hierarchy in the massive parameters of Lagrangian. For instance, with v ∆ < 10 −4 GeV, which indicates leptonic decays of doubly charged Higgs to be dominant, the unnatural small massive coupling in scalar potential becomes a fine-tuning issue. Third, the singly charged Higgs of triplet does not couple to quark.
For avoiding the fine-tuning problem mentioned above and for lowering the scale of Higgs triplet, in this paper, we study a possible extension of the conventional type-II seesaw model (CTTSM) so that without further setting particular parameters to be small, the necessity of small v ∆ could be accomplished by the free parameters of scalar potential. In order to achieve the purpose, we include a new Higgs doublet to the CTTSM. That is, we consider the model with two Higgs doublets (THDs) and one Higgs triplet. We will see that the model not only provides a solution to the small v ∆ , but also introduces new mixing effects in singly charged
Higgses and new decay channels for doubly and singly charged Higgses. Furthermore, these new effects will change the search of doubly charged Higgs at colliders [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and affect the rare decays in low energy physics, such as b → sγ, B → τ ν, B → D ( * ) τ ν, etc. in which a light charged Higgs is the mediator [13] .
In order to better understand the new characters of the extended model, in the following we briefly introduce the model. The involved Higgs doublets and triplet are denoted by H 1,2
and ∆, respectively. Their representations in SU(2) group are chosen as
where v 1,2,∆ stand for the VEVs of neutral components of H 1 , H 2 and ∆ respectively. As known, the general THD model will cause flavor changing neutral currents (FCNCs) at tree level in Yukawa sector. For avoiding the FCNC effects, we impose a Z 2 symmetry at the Yukawa interactions. Under the symmetry, the transformations of matter fields are given by
with U R being the right-handed up-type quarks. The other fields are unchanged in the Z 2 transformation. Accordingly, the Yukawa couplings are written by
where we have suppressed all flavor indices,
doublets of quarks and leptons, (D R , U R , ℓ R ) in turn denotes the SU(2) L singlet for downtype, up-type quarks and charged leptons, andH = iσ 2 H * with σ 2 being the second Pauli matrix. The detailed discussions for the Yukawa couplings could refer to Ref. [13] . Since the signal of doubly charged Higgs is clearer and unique in type-II seesaw model, in this study we will focus on the decays associated with δ ±± . By Eq. (3), the relevant interactions with leptons are given by
Here, m dia ν is the diagonalized neutrino mass matrix and U PMNS is the Pontecorvo-MakiNakagawa-Sakata (PMNS) matrix [11, 12] . From Eq. (4), one can see that the typical coupling of δ ±± to lepton-pair is proportional to m ν /v ∆ . Consequently, if we take the masses of neutrinos as the knowns which are determined by experiments, the partial decay rate for δ ±± → ℓ ± ℓ ± strongly depends on the value of v ∆ .
Besides the leptonic couplings, δ ±± also couples to charged gauge boson and the couplings could be read from the gauge invariant kinetic terms of Higgs fields. Hence, we write the kinetic terms as
The covariant derivatives of the associated fields are expressed by
Taking the current precision measurement for ρ-parameter to be ρ = 1.0004
−0.0004 [3] , we get v ∆ < 3.4 GeV when 2σ errors are taken into account. By Eqs. (1), (5) and (6), the interactions of δ ±± with W ∓ are found by
We see clearly that the coupling of δ ++ to W − W − is proportional to v ∆ . In CTTSM, the value of v ∆ determines which decaying channel is the dominant mode, ℓℓ or W W channel.
Since δ ±± and δ ± belong to the same multiplet and get the masses from m ∆ before EWSB,
+ is suppressed by phase space. However, by the first two interactions in Eq. (9), where the couplings are independent of v ∆ , the three body decay
indeed can be significant [22] [23] [24] [25] . Nonetheless, when a new charged
Higgs is introduced, we will show that the new interactions in scalar potential will lead to a different decay pattern for doubly charged Higgs .
In the following we give detailed discussions on the scalar potential, which is the origin of the crucial effects in our model. The scalar potential of THDs and triplet in SU(2) L ×U(1) Y symmetry is expressed as
where V H 1 H 2 and V ∆ stand for the scalar potential of THD model and of pure triplet, and
is the interaction among H 1 , H 2 and ∆. Their expressions are given by
mass dimension 2 while the later is mass dimension 3; however, the Z 2 hard breaking terms are suppressed. Since we will not discuss the CP violating effects, hereafter, we take all couplings in the potential as real values. By Eqs. (10) and (11), the VEVs of neutral scalar fields could be determined by the minimal conditions ∂ V /∂v 1,2,∆ = 0. As a result, we have
where the terms associated with v ∆ in the first two equations and v 
By this result, we see that with µ 2 = µ 3 = 0, the small v ∆ indicates the small µ 1 or large m ∆ in CTTSM. However, when the µ 2 and µ 3 effects are introduced, the necessity of small v ∆ could be accommodated by the massive parameters µ 1,2,3 and m ∆ , which can be in the same order of magnitude. Hence, the magnitude of v ∆ indeed could be adjusted by the free parameters of the new scalar potential without introducing a hierarchy to the massive parameters. For satisfying v ∆ ≪ v 1 , v 2 , we numerically adopt
By counting the physical degrees of freedom, we have three CP-even neutral particles, 
where only the doubleth has the VEV after EWSB and sin β(cos β) = v 2 /v(v 1 /v). As known, in THD models h 0 and H 0 are the CP-even scalars and they are not physical states, A 0 is the physical CP-odd scalar boson, and H ± is the physical charged Higgs particle.
When the SU(2) triplet ∆ is included to the model, δ 0 , η 0 and δ ± of SU (2) 
where the elements of mass matrix are found by
The null elements in Eq. (16) 
The masses of charged Higgs particles and their mixing angle are derived as
Here H ± 1 is identified as the lighter charged Higgs. Besides the couplings of δ ±± that exist in CTTSM, the scalar potentials in Eq. (11) provide new couplings to H ± . The relevant interactions could be found as
where the first and third terms in RHS do not exist in CTTSM. and m ∆ . For reducing the free parameters and simplifying the numerical analysis, we take v ≈ 2m W /g as an input and assume m ∆ ∼ m δ ±± ∼ m δ ± . The involved parameters that we use for presentation are set to be angle β, m H ± , m ∆ , v ∆ and µ 1,2 . Since the parameters µ 1,2 are the important effects in our model, we adopt two different schemes for numerical discussions:
(I) µ 1 = µ 2 = µ and (II) µ 1 = −µ 2 = µ. We note that by Eqs. (17) and (19) , the mixing angle θ ± is not a free parameter but is determined. Due to the tiny neutrino masses, the value of v ∆ is much less than 1 GeV.
For understanding how the mixing angle θ ± depends on the free parameters, we plot | sin θ ± | as a function of µ in Fig. 1 , where we have used m H ± = 100 GeV and m ∆ = 250 GeV, the left (right) panel denotes the scheme-I (II), the dotted, dashed and dot-dashed line stands for tan β = 1, 10, 30, respectively, and the horizontal line corresponds to |θ ± | = π/4.
For scheme-I, due to m 2 H − δ + = 0 at tan β = 1, the mixing angle vanishes; therefore we only have two curves in the left panel. By the plots, we see that when the value of µ is taken toward to O(100) GeV, the mixing effect is approaching to maximum. The value of µ cannot be arbitrarily large, otherwise the mass square of the lighter charged Higgs H ± 1 in Eq. (19) will become a negative. Applying these interactions, the partial decay rates for could be formulated by
where W ± * expresses the off-shell W boson and the functions λ(x, y) and G(x, y), which are respectively associated with momenta of final particles and three-body phase space integration, are found as [17] λ(x, y) =1 + x 2 + y 2 − 2xy − 2x − 2y
Since the doubly charged Higgs boson does not mix with other scalar bosons, the formulae for δ ±± → ℓ ± ℓ ± and δ ±± → W ± W ± decays are the same as those in CTTSM. Their explicit expressions could be found from Refs. [17, 25] .
Since there still involve four new free parameters in our assumption, in order to illustrate the characters of δ ±± in this model, we adopt several benchmark points (BPs) for the numerical analysis and they are given in Table II (III) and sin θ ± are determined accordingly. In the following, we describe the characteristic of each BP and display the associated results in Fig. 2 . In BP1, we consider the case for m δ ++ > 2m H + 1
and set tan β = 1. Due to θ ± = 0, the decay δ ++ → H + 1 W + is suppressed. For comparison, we show the branching ratios (BRs) for the decays δ Fig. 2(a) . In this paper, we use the normal ordering for neutrino masses to estimate the decay rate of δ ++ → ℓ + ℓ + . By the plot, it is clear that the new open channel always dominates in the displayed region of v ∆ .
We note that in any circumstance, comparing with the new decay channel, W W mode is very small and negligible. Hereafter, we will not mention the results of W W mode. In BP2
and BP3, we select a heavier m ∆ and ∆m = m ∆ − m H ± = 100 GeV. From Table II 
. In BP4, we use a lower mass for m δ ++ = 120
GeV and m H ± = 80 GeV. In this case, we find that the allowed value of µ cannot be over It is known that the neutrinos get their masses at tree level in type-II seesaw model.
However, the neutrino masses could be also generated by loop corrections, e.g. the two-loop effects which are similar to the Zee model [27] . The loop corrections in CTTSM are actually negligible due to µ i ∼ v ∆ ≪ v. Since we claim that the µ i could be as large as the VEV v,
here it is worthy to discuss the loop effects in our model. By order of magnitude estimate, the two-loop effects are roughly expressed by
where we only consider the contribution of µ 1 term, 1/(4π 2 ) 2 denotes the two-loop effect, m Although our analysis focuses on the situation for which Higgs triplet is heavier than Higgs doublets, the reverse case should be also interesting and worth further studying. In Tables II and   III. the case of reversed mass ordering, the heavier doublet Higgs bosons can decay into doubly 
where the elements of mass matrix are obtained as 
In this basis, the mass matrix becomes
